Auditory evoked brainstem responses (ABR) are routinely used to assess the neural encoding of sound. Various types of stimuli have been historically considered, and there is a current increasing trend towards the use of syllables, speech and complex (non-speech) sounds. Despite the peripheral origin of ABRs, the nonlinear processing within the cochlea and brainstem makes interpreting responses to these new stimuli a challenge. A recent model was developed (Rønne et al., 2012) to simulate ABRs to transient sounds such as tone pulses, clicks and rising chirps as a function of stimulus level. The present study extends this model to simulate synthetic /ba/, /da/ and /ga/ syllable-evoked ABRs, where the stimuli only differ in their spectral energy of the second formant, f2, within their first 60 ms. The model takes the convolution of the instantaneous discharge rates using a "humanized" nonlinear auditory-nerve model of Zilany et al. (2009) and an empirically derived unitary response function, assumed to reflect contributions from different cell populations within the auditory brainstem. The ABR model was used to explore the physiological basis and spectro-temporal characteristics of key features observed in syllable-evoked ABRs in the literature (Skoe et al., 2011; Hornickel et al., 
INTRODUCTION
Auditory evoked potentials (AEP) are used to assess the neural encoding of sound both for clinical and research purposes. They are often classified by their locus of generation (i.e. brainstem or cortex) and by the many types of stimuli used to evoke them, such as transients like clicks, chirps and tone-bursts; steady-state signals such as amplitude modulated (AM) tones; but also more recently to complex signals like speech and syllables. Hearing deficiencies often lead to difficulties in understanding speech, especially in noisy and reverberant environments -thus driving this recent trend in AEP research. [1, 2, 3] measured brainstem responses to the synthetically created syllable-stimuli /ba/, /da/ and /ga/, in children, reported to have normal audiometric thresholds and ABR wave-V latencies. They measured the latency of the major peaks for each of the three syllable-evoked ABRs and found that, although the three recorded time-series were much alike, the peaks of the time-series response to /ga/ had shorter latencies than the peaks of /da/ which again had shorter latencies than /ba/. The three syllables only differed in the frequency content of the second formant, f2, and the third formant, f3. [1] argued the shorter latencies were due to the tonotopic mapping of frequency to place on the BM and the associated frequency dependent delayi.e. see [4, 5] . Thus the peaks of the ABR responses to the different syllables were represented early for the /ga/ ( f2 = 2480 Hz), later for the /da/ ( f2 = 1700 Hz) and latest for the /ba/ ( f2 = 900 Hz). However, the aims of [1, 2, 3] was not to explore the role of cochlear mechanics and the afferent (bottom-up) neural pathways on syllable evoked responses; but were to investigate the potential role of neural plasticity (i.e. top-down mediated changes) within the auditory brainstem. This goes against the traditional view that auditory brainstem responses (ABRs -i.e. AEPs originating solely from the auditory nerve and brainstem) are purely afferent and are not changed by experience.
In the present study, a phenomenological ABR model was developed based purely on bottom-up afferent processing. The ABR model developed was similar to [6, 7] , but differed by using the AN model of [8] -as the IHC-AN synapse adaptation in this AN model is more precise for long-duration syllable-stimuli. The ABR model was used to simulate syllable-evoked ABRs, to see if it was possible for a purely afferent model to simulate key features of the syllable-evoked responses reported previously. The present study will restrict itself to comment on the normative results published by [1, 2, 3] , and the methods used to analyze the results, rather than enter the debate on neural plasticity -this will be addressed in a follow-up study. The ABR model and analysis based on a modified version of cross-phaseogram [3] , is used here to test three hypotheses that [9] suggested from experimental observation. Firstly, differences in the frequency of f2 between the syllable-stimuli results in components of the evoked-ABRs having different delays due to cochlear frequency dependent delay. This should be seen as significant phase-shifts in the cross-phaseograms. Secondly, as the differences in f2 diminish over the course of the response, the phase-shifts observed in the cross-phaseogram should vanish completely when steady state is reached. Thirdly, due to the phase-locking properties of the inner hair cells (IHCs -upper limit of phase-locking), neural encoding consists largely of phase-locking to frequencies below f2. This leads to phase-locking to the envelope rather than the fine-structure at and above the f2 frequencies. This should result in phase-shifts observed in the cross-phaseogram at frequencies well below the f2. By developing a model of ABR generation to syllable-stimuli, these hypothesis can be tested and physiological interpretation made. Fig. 1 shows the structure of the ABR model used in this study, similar to [6, 7] . The AN model used to compute the summed activity pattern was updated from previous work, using [8] as it has an improved IHC-AN stage simulating more accurate neural adaptation, necessary here as the syllable-stimuli are of longer duration. The change of the AN model required a recalculation of the unitary response (UR) from that used in [6] . The new UR was calculated (and shown in the top left panel of Fig. 6 ) from a 95.2 dB peSPL grand average click-evoked ABR recording [10] and the summed activity pattern of the AN model -see [6] for details of the methods. The AN model in this paper was "humanized" in an identical manner to that described in [6] . Simulated syllable evoked ABRs in the present study, were calculated as the convolution of the summed activity pattern of the AN model with this UR function and further filtered by a 2nd order band-pass filter with cut-off frequencies at 70 Hz and 2 kHz, as used in [2, 3] . Synthetic /ba/, /da/ and /ga/ syllables obtained kindly from the authors of [2, 3] were used in the simulations in this paper. Only the frequency of the second formant, f2, of the first 60 ms differed in these stimuli, corresponding to the consonant of the syllable. The second formant frequency decreases over time in the /ga/ stimulus from 2480 Hz to a steady-state (corresponding to the /a/ part of the syllable) of 1240 Hz. The /da/ f2 decreased from 1700 Hz down to 1240 Hz; and f2 of /ba/ increased from 900 Hz to 1240 Hz. The /a/ vowel-part of all three syllables was the same, consisting of the formant frequencies f0 = 100 Hz, f1 = 720 Hz, f2 = 1240 Hz, f3 = 2500Hz, f4 = 3300 Hz, f5 = 3750 Hz and f6 = 4900 Hz. All three stimuli were calibrated to have identical root-mean-square (RMS) values, and were presented to the model at a level corresponding to 80 dB SPL identical to [3] . 
ABR MODEL

Spectro-temporal Analysis
To quantify the frequency dependent phase-differences between the stimuli and the resulting syllable-evoked ABR recordings, [3] used the cross-phaseogram. The two time-series (ABR responses to pairs of syllables) are first divided into time frames of 20 ms using a Hanning window, starting at t = -40 ms, and shifting the window by 1 ms for each subsequent frame. The windowing resulting in a 3 dB main lobe width of 141 Hz. The cross power spectrum density was calculated for each pair of frames from the two time-series. Finally, the unwrapped phase (in radians) was extracted and plotted as a function of time (midpoint of the 20 ms frame) and frequency. To simplify the cross-phaseogram down to a single metric, [3] calculated the average phase-shift over the formant transition period (15 to 60 ms) of the syllable-evoked ABR in the frequency range of 70 to 1100 Hz.
The cross-phaseogram weights time-frequency bins equally regardless of the amount of energy in that bin, even if this bin only reflects the noise floor. This is counter intuitive, as one might expect bins of large importance to have a larger amount of energy within them. A weighted cross-phaseogram was therefore used in this study alongside the original, with each bin now weighted by the inverse of the total energy in that bin. The units of this new metric are no-longer simply related to delay.
RESULTS
In this paper, the main outcome measure will be the cross-phaseograms derived from the individual simulated ABR time series (not shown for brevity). Fig. 2 shows the weighted and unweighted cross-phaseogram derived from each of the three possible combinations of the simulated ABRs; and Fig. 3 reproduces the cross-phaseograms from [3] to experimental data from two groups of subjects. Table 1 shows the average phase-shifts obtained in [3] and the corresponding values obtained from the simulations in the present study. Both experimental results and simulations show the largest phase-shift between /ga/ and /ba/, which also differs most in their frequency spectrum. Also, the data and the simulations both show that the phase-shift between /ga/ and /da/ is smaller than the phase-shift between /da/ and /ba/. [3] recordings (left column), simulated average phase-shifts (center column), and weighted average phase-shifts (right column). The average is taken across the region from 15 to 60 ms, and from 70 to 1100 Hz. The cross-phaseogram in Fig. 2 show that the /ga/ phase leads both /da/ and /ba/ (warm colors in the formant transition period of panel 1 and 3), and that /da/ phase leads /ba/ (warm colors in panel 2). As already stated, the only difference between stimuli was the frequency content of f2, and the observed phase-shifts in the cross-phaseograms can thus be argued to be caused by the stimuli-frequency differences. This is also confirmed by table 1 presenting average phase-shifts of the consonant period, where it is seen that /ga/ phase leads /da/ that phase leads /ba/. Further, Fig. 2 illustrates that the simulated phase-shifts clearly diminish over time, and that the phase-shifts vanish at steady state (>60ms). This shows that the memory of the peripheral non-linearities, e.g. the IHC-AN synapse adaptation, is short compared to the duration of the stimuli. In Fig. 2 it can also be observed that there are phase-shifts up to approximately 1500 Hz, i.e. both below and in the second formant frequency range. However, the weighted cross-phaseograms of main trend is thus that the f2-frequency-difference between stimuli, results in phase-differences at frequencies well below the f2.
FIGURE 3:
Cross-phaseograms from [3] of the three comparisons between the syllable-evoked ABRs. Left panels, are calculated based on the top performing group of subjects in a hearing in noise test (HINT). © Journal of Neuroscience Methods.
DISCUSSION
In this modeling study, similar cross-phaseogram were observed for the ABR model and the historical experimental data, thus demonstrating that the model captures the key-features of the underlying system. One of the advantages of modeling ABRs is the ability to observe the outputs at different stages of the model, rather than only see the final evoked response. This gives us the opportunity for gaining physiological insight into the important generation and auditory processing mechanisms that lead to the observed syllable-evoked ABRs.
In the results it was shown that second formant differences between the stimuli result in phase-differences in the simulated (and recorded) ABRs at frequencies well below f2. It was argued in [9] , that this is due to the upper-limit of phase-locking in the IHCs, leading to phase-locking to the envelope rather than the fine-structure at and above the f2 frequencies. However, the IHC stage of the AN model (effectively modeling the upper limit of phase-locking) in this paper consists of a nonlinearity and a lowpass filter with a cut-off frequency at 3 kHz. As the model successfully simulates the dominant phase-differences at frequencies well below f2, it would seem unlikely that the IHC stage could explain this. Fig. 4 shows the contribution of each AN fiber to the final /da/ syllable-evoked ABR. Each horizontal line represents the output from one AN model, i.e. the instantaneous AN firing rate due to the stimulus at the respective model characteristic frequency(CF), convolved with the UR. Summing along the vertical direction (i.e. across CF) yields the simulated ABR. Most of the energy in the simulation is centered at the onset response in the frequency regions of 100, 200 and 500 Hz (the latter region is highlighted by the ellipse). Phase-locking clearly occurs in the frequency range up to 1 kHz (observed by the periodic pattern every 0.5 ms -i.e. 500 Hz). The contributions at higher CFs exhibit a periodic pattern primarily at the fundamental frequency, f0=100Hz, i.e. the envelope of the response (indicated by the arrows).
In an attempt to explain the phase-shifts below f2, the outputs at different stages of the model were analyzed. The formants of the syllables are actually modulated at the rate of the fundamental frequency (f0 = 100Hz) and its higher harmonics. Thus the AN fiber tuned to f2, will be presented with a time-varying signal modulated by f0 and its harmonics. The stimulus-level was at 80 dB SPL, thus upwards spread of excitation is expected. The left panels of Fig. 5 show the output from the filtering stage of a single AN fiber (representing nonlinear BM filtering -see Fog. 1) tuned to CF = 2405 Hz, in response to the /ga/ stimulus. The time series is periodic and its spectrum (lower plot) shows the harmonics of f0. Importantly, the energy is centered around the CF of the filter with significant contributions from lower frequencies -due to upwards spread of excitation. The right panels of Fig. 5 show the output from the IHC stage, essentially half-wave rectification and low-pass filtering. This nonlinear operation generates low-frequency energy, as inter-modulation and harmonic distortion products, seen in the spectrum. The majority of the energy is crucially still centered around the characteristic frequency of the fiber. This would suggest that processing up the the IHC cannot explain the tendency for lower frequencies (below f2) dominating the syllable-evoked ABR.
The synapse adaptation stage, that occurs after the IHC stage (see Fig. 1 ), has no significant effect on the spectrum of the single channel response. The left panels of Fig. 6 show the UR and its spectrum. Convolution in the time domain is the identical to multiplication in the frequency domain, thus the UR acts as a low-pass filter. The resulting simulated single channel potential (shown in the right panels) is thus dominated by low frequencies. The 2405 Hz fiber thus contributes with lower frequency components (well below f2) to the overall summed syllable-evoked ABR. The contributions of this fiber are delayed according to its BM traveling wave delay of its CF. Thus in the full simulated ABR (summed across fibers), differences of the f2 formants between stimuli, will result in phase differences of the f0-periodic potentials. Different fibers (with CFs centered at f2) will dominate the ABR and carry their own phase-delay. Further analysis by the cross-phaseogram will reveal these relative phase-delays -as observed in both experimental [3] and simulated ABRs. This analysis tends to disagree with the empirical reasoning of [3] , suggesting that IHC upper-limit of phase-locking is the route cause.
Thus this study has also highlighted the importance of the UR in the generation and propagation of auditory evoked potentials to the surface of the scalp. The UR is seen here to limit the transmission of the neurally encoded signal to the recorded surface potential, an often over-looked mechanism in AEP studies.
CONCLUSIONS
Auditory evoked brainstem responses (ABR) are routinely used to assess the neural encoding of sound, and a modern trend exist towards using syllables, speech and complex (non-speech) sounds to evoke them.
Despite the peripheral origin of ABRs, the nonlinear processing within the cochlea and brainstem makes interpreting responses to these new stimuli a challenge. This paper has shown the advantage of using a recently developed model of ABR generation, simulating synthetic /ba/, /da/ and /ga/ syllable-evoked ABRs, to interpret the results in terms of underlying physiology and effective auditory signal processing. Contrary to historical empirical reasoning that IHC upper-limit of phase-locking limits the neural encoding of the syllable stimuli to frequencies below its second formant, this study has shown this is probably caused by the propagation of the evoked response to the surface of the scalp -modeled here as a unitary response function.
